C. elegans is a preferential model for testing environmental toxicity of compounds including nanomaterials. The impact of multigeneration exposure of gold nanoparticles (AuNPs) on the lifespan and fertility of C. elegans is not known and therefore is investigated in this study. We used pomegranate (Punica granatum) peel extracts as a reducing agent to synthesize gold nanoparticles (PPE-AuNPs) from chloroauric acid. Nematodes were grown till adult stage and then exposed to 25, 50, and 100 μg/ml of PPE-AuNPs at 20°C for 72 hours and then assessed for lifespan and fertility. The same protocols were followed for subsequent F1, F2, and F3 generations. The results showed that PPE-AuNPs dose-dependently but insignificantly reduced the lifespan of C. elegans. Exposure of PPE-AuNPs significantly and dose-dependently reduced the fertility of C. elegans in terms of the number of eggs produced. The reproductive toxicity of PPE-AuNPs was found to be minimal in parental generation (F0) and maximal in F3 generation. In conclusion, biologically synthesized PPE-AuNPs adversely affect the fertility of C. elegans while the factors responsible for reproductive toxicity are inherited by subsequent generations.
Introduction
There is a growing trend for the synthesis and widespread use of nanoparticles (NPs) for applications in different areas such as medicine, engineering, bioremediation, cosmetics, and food industry [1] [2] [3] [4] [5] [6] [7] . Such a wider scope of engineered NPs needs to be channelized by their prudent use for availing their benefits without ignoring their adverse effects on humans and the environment [8] . The extensive use of nanoparticle has led to their release in the environment causing them to be considered environmental toxicants [9] . Among the metallic NPs, gold nanoparticles (AuNPs) have been recognized as promising tools for biomedical applications due to their biocompatibility and ease in functionalization [10, 11] . Although gold is a chemically inert material, its transformation into nanoscale imparts the antigenic quality as several studies have shown an acute phase immune activation following injection of AuNPs in rats [12] [13] [14] [15] and mice [16, 17] . However, the primed animals (preexposed to AuNPs) showed protection against AuNP-induced acute immune activation in the form of reduced expression of proinflammatory cytokines [18] .
Caenorhabditis elegans (C. elegans) is a free-living, transparent nematode with a short life cycle of a few days and can be quickly grown in a laboratory. Interestingly, the majority of human genes have homologs in C. elegans. A comparative proteomics study has shown that 83% of the worm proteome possesses human homologous genes [19] . C. elegans is therefore considered a model organism for understanding human gene function. The neural system, immune system, and digestive and reproductive systems of C. elegans are identical to the vertebrates which makes it an excellent model for toxicity studies as well [20] [21] [22] . C. elegans is ideally suited for the screening of NPs while mitigating the hurdles associated with the use of mammalian animal models, such as ethical issues, handling expertise, space requirement, and time constraints [23] [24] [25] .
The pomegranate (Punica granatum) is a fruit-bearing deciduous shrub belonging to the family Lythraceae. Pomegranate fruits possess antioxidant and medicinal properties and are commonly used in baking, cooking, juice blends, meal garnishes, smoothies, and alcoholic beverages. Recently, pomegranate juice and peel extracts have been utilized as reducing and stabilizing agents for the synthesis of AuNPs [26] [27] [28] [29] . Kim et al. [30] have shown that parental (F0) exposure of 10 nm size AuNPs caused reproductive toxicity in unexposed F2 generation which was gradually recovered in the unexposed F3 and F4 generations. We hypothesized that the antioxidant potential of pomegranate peel extract [31] would modify the toxicological profile of AuNPs synthesized from it. In this investigation, we studied the transgenerational effects of pomegranate peel extract synthesized gold nanoparticles (PPE-AuNPs) on the lifespan and fertility of C. elegans after exposing parental (F0) and three generations (F1, F2, and F3) of C. elegans to three different concentrations of PPE-AuNPs.
Materials and Methods

Synthesis of PPE-AuNPs.
Pomegranate fruits were purchased from the local market. The fresh peel (50 g) obtained from a prewashed pomegranate fruit was added to 250 ml of distilled water and boiled for 25 min. The same ratio of pomegranate peel and solvent has been reported earlier for obtaining the extract [31] . The extract was filtered using a Whatman filter paper to get the aqueous fruit peel extract. The freshly prepared extract was stored in a sterile bottle and kept at 4°C for a short time to cool the extract. Pomegranate peel extract (0.9 ml) was mixed with 25 ml of 1 mM solution of chloroauric acid (HAuCl 4 ). The reacting mixture was kept for 24 h at room temperature with intermittent shaking. The color change from gold to pink indicated the synthesis of PPE-AuNPs. The synthesized nanoparticles were washed with sterile water using the sequential steps of centrifugation (17,000 g, 30 min), supernatant removal, and redispersion by vortex. Aqueous dispersions of PPE-AuNPs in the concentrations of 10, 50, and 100 μg/ml were used for C. elegans exposure.
2.2. Characterization of PPE-AuNPs. UV-visible spectrophotometry (Shimadzu, Japan) was used to monitor the bioreduction of AuCl 4 -ions to metallic Au leading to the synthesis of PPE-AuNPs. The wavelength range from 300 nm to 800 nm was scanned for obtaining the absorption spectra of PPE-AuNPs. Scanning electron microscopy (SEM, Jeol, Japan) was used to characterize the morphology and size of the synthesized PPE-AuNPs. An energy-dispersive X-ray spectrometer (EDX, Oxford System) was used for elemental analysis. A sample for EDX analysis was prepared by sprinkling the dispersed PPE-AuNPs onto a double-sided adhesive carbon conductive tape which was then mounted on the microscopic copper stub. Photographic images were visualized on a computer screen, and the results of SEM and EDX were interpreted.
2.3.
Maintenance of Caenorhabditis elegans. C. elegans (wild type, Bristol, N2) were obtained from the National Institute of Immunology, New Delhi, India. All worms were cultured in Nematode Growth Media (NGM: NaCl, 3 g/l; peptone, 2.5 g/l; agar, 17 g/l; 1 M potassium phosphate, 25 ml; 1 M CaCl 2 , 1 ml; 1 M MgSO 4 , 1 ml; and cholesterol, 1 ml) on agar plates. The food source was Escherichia coli OP50 strain. To obtain synchronized worms, gravid hermaphrodites were treated with sodium hypochlorite (5% NaOCl/1 N NaOH, 2 : 5) for 10 minutes and 1 ml aliquots of the solution were centrifuged at 2000 rpm for 2 min and washed with K-medium which consisted of 0.032 M KCl and 0.051 M NaCl [32] . C. elegans were allowed to mature till the fourth larval stage for further experiments. The experimental design for multigenerational toxicity assay is summarized in Figure 1 .
Lifespan Assay.
Worms were grown on NGM agar till they became gravid adults. The gravid adults were bleached to obtain the eggs. All the worms were grown till adult stage, which were then exposed to 25, 50, and 100 μg/ml PPEAuNPs at 20°C for 72 h. The young adults were then treated with fluorodeoxyuridine to inhibit the development of the next progeny. The numbers of worms were similar in control and experimental plates. Scoring was done on every alternate day for live and dead worms till all the worms died. Live and dead worms were distinguished by a touch-provoke method under a dissecting microscope with the help of worm pick. Lifespan assay was performed for every generation for a multigenerational toxicity study. The lifespan of the worm was the time between the egg and the death of the worm. The experiments were conducted in three replicates.
2.5. Fertility Assay. Age-synchronized adult worms (L4 stage/P0 worms) were exposed to different concentrations (25, 50 , and 100 μg/ml) of PPE-AuNPs at 20°C for 72 h. After exposure, the worms were washed with M9 buffer and a single worm was transferred to a 35 mm petri plate containing NGM medium, supplemented with E. coli OP50. The worms were washed and pelleted, and the progeny were counted under the dissecting microscope. For each test concentration and control, the numbers of eggs were counted for every single worm. Fertility assay was performed for every subsequent generation to study multigenerational toxicity. The experiments were conducted in three replicates.
The L4 stage worms were considered parent generation (F0). Parental worms were exposed to different concentrations of PPE-AuNPs. For reproductive toxicity studies, one exposed worm was transferred to a 35 mm petri dish to determine the brood size. The rest of the worms were transferred to 60 mm MGM plates to obtain the eggs by an alkali bleach method. The worms were collected and washed thrice with distilled water. The washed worms were placed in NGM plates, and the next generation was produced. The secondgeneration worms were grown till the L4 stage to produce the first filial generation (F1) which were exposed to the same concentration of PPE-AuNPs and for the same duration as conducted in F0. A single worm was isolated for reproductive 2 Journal of Nanomaterials toxicity studies while the rest of the worms were allowed to grow till the L4 stage to produce the second filial generation (F2). The same protocol was followed for the third filial generation (F3).
2.6. Statistical Analysis. The data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's test using SPSS package. P values < 0.05 were considered statistically significant.
Results
Synthesis and Characterization of PPE-AuNPs.
The appearance of pink color following the mixing of pomegranate extract with the solution of chloroauric acid indicated the formation of PPE-AuNPs. The UV-visible spectra of the reaction mixture showed the absorption peak at 540 nm with a maximal intensity at 24 h, indicating the time course of PPE-AuNP synthesis (Figure 2(a) ). The Energy Dispersive X-ray (EDX) analysis of PPE-AuNPs showed the presence of the elemental peaks of carbon, oxygen, magnesium, and gold ( Figure 2(b) ). The presence of peak at 2 keV on spectrum confirmed the formation of gold nanoparticles. Small amounts of other elements including carbon, oxygen, and magnesium also appeared due to their occurrence in plant extract (Figure 2(b) ). SEM image showed the morphology of PPE-AuNPs to be round with an average particle diameter of 11.0 ± 1.5 nm (Figure 2(c) ).
Multigenerational Effect of PPE-AuNPs on C. elegans
Lifespan. The average lifespan of unexposed C. elegans in the parental generation (F0) was 17 days which was dosedependently reduced after exposure of PPE-AuNPs; however, this decrease in lifespan was statistically insignificant (Figure 3 ). Similar trends were observed in subsequent F1, F2, and F3 generations while the exposure of different concentrations of PPE-AuNPs did not cause any significant change in the lifespan of C. elegans (Figure 3 ).
Fertility. The fertility assay in terms of the number of eggs showed that the parental generation (F0) unexposed C. elegans laid 195 ± 5 eggs which were significantly reduced following the exposure of 100 μg/ml PPE-AuNPs (Figure 4 ). Although the low (10 μg/ml) and medium (50 μg/ml) concentrations of PPE-AuNPs slightly reduced the fertility of F0 nematodes, this effect was statistically nonsignificant. However, all the concentrations of PPE- 
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AuNPs significantly reduced the fertility of C. elegans in the F2 and F3 generations (Figure 4) . The severity of reproductive toxicity of PPE-AuNPs in C. elegans was directly related to generations, while F0 nematodes were the least sensitive, and F3 nematodes were highly sensitive to the adverse effects of PPE-AuNPs on the fertility of C. elegans (Figure 4 ).
Discussion
In this study, we used pomegranate (Punica granatum) peel extract for the synthesis of AuNPs using a "green synthesis" approach. The production of AuNPs involves the reduction of a solution of chloroaurate ions (AuCl 4 -) with a reducing agent. Sodium borohydride is commonly used as a reducing agent in the synthesis of AuNPs; however, it is an environmental contaminant and highly toxic to biological systems [33] . Therefore, phytochemicals like epigallocatechin [34] and mangiferin [35] have been utilized for the green synthesis of AuNPs. The reducing agent used in this study was the pomegranate peel extract (PPE) to synthesize AuNPs. Earlier studies have demonstrated the presence of gallic acid in PPE, which results in the formation of larger AuNPs when compared to other plant extracts [27] . Pomegranate extract contains ellagic acid which is responsible for its antioxidant properties. Other phenolic compounds like anthocynanins enhance the antioxidant properties of ellagic acid. The presence of the hydroxyl and carboxyl groups in plant organic Journal of Nanomaterials compounds helps them to chelate metal ions and act as antioxidants. The interaction of metal salts with ellagic acid found in the peel extract causes esterification of the carboxyl and hydroxyl groups of ellagic acid. This leads to the loss of hydrogen from the orthophenolic hydroxyl group resulting in a semiquinone structure. Therefore, due to its easier electron-losing ability, ellagic acid can easily form H + radical which reduces gold salt to AuNPs [36] .
The concentrations of PPE-AuNPs used in this study (10-100 μg/ml) did not demonstrate any antibacterial activity against E. coli, which was used as food for C. elegans. Elia et al. [27] have shown that AuNPs synthesized using plant extract did not exhibit any measurable adverse effect on the growth of intestinal L-cells. The minimum inhibitory concentrations (MIC) of PPE-AuNPs against various pathogenic bacteria have been reported as follows: C. albicans (310 μg/ml), A. flavus (340 μg/ml), S. aureus (330 μg/ml), S. typhi (370 μg/ml), and V. cholera (410 μg/ml) [28] .
The exposure of PPE-AuNPs to C. elegans had no significant effect on the lifespan of the nematode in the parental as well as three subsequent generations studied (Figure 3) . Kim et al. [30] have also demonstrated that feeding of C. elegans with E. coli dosed with AuNPs did not show any significant effect on the survival of nematodes. On the other hand, a previous study has reported toxicogenomic effects of AuNPs on C. elegans by activating some biological pathways [37] . The cellular uptake and toxicity of nanoparticles mainly depend on their size, shape, and surface chemistry [38] [39] [40] . Wang et al. [41] used the C. elegans model to understand whether the "nanoscale" size is the determining factor for the nanomaterials to induce autophagy. They used four types of similar sized nanomaterials including silicon nanoparticles (SiNP), CdTe quantum dots, carbon dots, and AuNPs. They observed that unlike other nanomaterials tested, no autophagosome formation was detected in C. elegans with SiNP exposure, suggesting that the "nanoscale" size is not the determining factor for the nanomaterials to induce autophagy in C. elegans [41] . A recent microarray study showed that developmental changes in C. elegans following mercaptoundecanoic acid-coated AuNPs were related to differential gene expression in clec-174 (involved in cellular defense), cut-3 and fil-1 (both involved in body morphogenesis), dpy-14 (expressed in embryonic neurons), and mtl-1 (functions in metal detoxification and homeostasis) genes [42] .
The most striking finding of this study is the reproductive toxicity of PPE-AuNPs that showed dose-dependent as well as transgeneration cumulative effects (Figure 4) . Kim et al. [30] were the first to conduct a multigenerational study of AuNPs in C. elegans and revealed that reproduction rate was clearly affected in the F2 generation but then gradually recovered in the F3 and F4 generations, suggesting that just one exposure to the F0 generation can induce the adverse effects on subsequent generations. Moon et al. [43] demonstrated that continuous AuNP exposure to C. elegans impaired reproduction from F2 to F4, whereas intermittent exposure caused more pronounced effects on F3 worms, which may have resulted from damage during the convalescence period up through F2. It has been shown earlier that nanoparticles, which are able to permeate the gonad, can be transferred to the next generation [44] . Gold nanoparticles functionalized with lectin found in the tubers of the Winter Aconite (Eranthis hyemalis) plant delayed the onset of reproduction and reduced fecundity for L4 stage, preadult C. elegans [45] .
Gonzalez-Moragas et al. [25] observed that citratestabilized 11 nm AuNPs (100 μg/ml) induced a significant decrease in the survival as well as reproductive output as compared to control C. elegans. However, the decreases in survival and brood size were not statistically significant in case of larger (150 nm) AuNPs. Other investigators also reported that smaller size nanoparticles (<10 nm) were more toxic to C. elegans than their larger counterparts (>50 nm) [46, 47] . The higher toxicity of small sized AuNPs was attributed to their higher uptake as the worms ingested smaller AuNPs about 500 times more than the larger AuNPs [25] . The above literature indicates that small size AuNPs are more toxic for the survival of C. elegans [25] whereas the PPEAuNPs of the same size and in the same dosage are comparatively safe (Figure 3 ).
In conclusion, exposure of 11 nm PPE-AuNPs did not cause any significant change in the lifespan of C. elegans; however, it significantly and dose-dependently impaired the fertility of nematodes. The reproductive toxicity of PPE-AuNPs in C. elegans was found to increase in subsequent generations in the following order: F0<F1<F2<F3. The transgeneration flow of toxicity may be attributed to the transfer of abnormal germ cells from one generation to another. The findings of this study are of particular relevance for understanding the safety and biocompatibility of AuNPs, as strict regulatory guidelines and high cost restrict the use of laboratory animals, especially during the pilot and initial screening studies. C. elegans could serve as a model organism for testing the reproductive toxicity of many other toxicants including a wide range of nanomaterials. elegans. * P < 0 05, * * P < 0 01, and * * * P < 0 001 versus the control (0 μg/ml) group.
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